The recent discovery of ArH + in the interstellar medium has awakened the interest in the chemistry of this ion. In this work, the ion-molecule kinetics of cold plasmas of Ar/H 2 is investigated in glow discharges spanning the whole range of 
Introduction
In a recent article, Barlow et al. 1 reported the detection of the argonium ion In the laboratory, ArH + is usually produced in electrical discharges containing Ar and H 2 . The properties of different types of Ar/H 2 discharges have been experimentally investigated and theoretically modeled by a number of research groups [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] due largely to their interest for many technical applications like elemental analysis, [18] [19] [20] [21] sputtering, [22] [23] [24] [25] film deposition, 26, 27 hydrogenation, 28, 29 or functionalization of nanostructured materials. 30, 31 Questions addressed in these studies include the loss of global ionization upon addition of H 2 to an Ar plasma, the modification of the electron energy distributions, the role of metastable Ar atoms and that of the excited states of H 2 , the reforming of precursors, 31 or the distinct effects of physical and chemical sputtering on the characteristics of substrate films (see for instance discussions in refs. 5, 10, 24, 29 ).
An illustrative example of the relevance of ArH + in a technological process can be found in the work of Budtz-Jørgensen et al., 23 who found that highly energetic ArH + ions were responsible for most of the physical sputtering of gold surfaces in Ar/H 2 dc discharges. In these plasmas the primary Ar + ions lose much of their energy, and thus of their sputtering efficiency, through symmetric charge exchange collisions with Ar atoms in the sheath before reaching the gold surface.
The ion chemistry in Ar/H 2 plasmas was also specifically considered, with varying degree of detail, in some of the works cited in the previous paragraph. Bogaerts and co-workers developed theoretical models for different types of glow discharges. [10] [11] [12] In their hybrid Monte Carlo fluid model for direct current, dc, discharges, 10 Bogaerts and Gijbels simulated the conditions of a typical glow discharge used for analytic mass spectrometry (1% H 2 . Qualitatively similar ion distributions were also obtained in the modeling of a higher pressure (850 Pa) Grimm type dc discharge 11 and of a capacitively coupled radio frequency (rf) discharge 12 operated at lower pressures Pa). The results of these models were of great help for the identification of key processes in the discharges, but could not be directly compared to experimental measurements.
Distributions of ion densities in inductively coupled rf discharges were also modeled, but not measured, in the recent works of Kimura and Kasugai 13 and Hjartarson et al. 14 They used self-consistent global models to study Ar/H 2 discharges with variable mixture proportions in the pressure ranges 2.7-8 Pa and 0.13-13 Pa, respectively. In both works, the major ions were also Ar A detailed comparison of experimental ion distributions and model calculations for Ar/H 2 inductively coupled rf plasmas for a total pressure of 1 Pa was recently reported by Sode et al. 16, 17 In contrast with the calculations of ref. 13 and ref. ions. The measured ion distributions could be well accounted for by a kinetic model if a tiny fraction of high energy electrons (> 50 eV) was used in the calculations. Hollow cathodes and other types of dc glow discharges were used for spectroscopic studies of the ArH + ion. [33] [34] [35] [36] [37] [38] [39] In these works, the absolute concentration of ArH + in the discharge was empirically maximized, and it was found that the largest ArH + signals were obtained with a small H 2 fraction, [34] [35] [36] [37] [38] or even with no H 2 at all 33, 39 in the precursor mixture. This seeming paradox suggests that hydrogen from small impurities or from the reactor walls would be adequate to produce significant amounts of ArH + in the plasma. In general, these discharges were run at higher pressures (> 30 Pa) than those commented on the previous paragraphs.
The present work intends to shed light on the details of the ionic chemistry in Ar/H 2 plasmas and, in particular, of the processes leading to the production and destruction of 
Experimental
The experimental set-up for the present studies has been described in previous works. 15, [40] [41] [42] It consists of a grounded cylindrical stainless steel vessel (10 cm diameter, A plasma monitor (PM), based in a quadrupole mass spectrometer, with ion energy resolution, was employed to detect the plasma ions. The PM was installed in a differentially pumped chamber connected to the reactor through a 100 µm diaphragm.
During operation, the pressure in the detection chamber was kept in the 10 . The density of a given ion in the plasma glow was derived by multiplying the measured ion flux at the cathode by a factor (m i /q i ) 0.5 to correct for the dependence of the flow velocity on the ion mass. We have not considered a dependence of the PM sensitivity on the incoming ion energy, assuming that it is a small source of error, since our energy distributions are predominantly narrow.
Electron mean temperatures, T e , and densities, N e , were measured with a double Langmuir probe built in our laboratory, under the assumptions of collision free probe sheath and orbital limited motion. 44 To estimate total charge densities from the characteristic curves of the Langmuir probe, a mean ion mass was used in each case, weighted according to the ion density distributions deduced from the PM measurements. Note that the derivation of a T e from the double Langmuir probe measurements implies the assumption of a Maxwellian electron energy distribution function. 45 
Kinetic model
For the analysis of the experimental measurements, we have used a simple zeroorder kinetic model developed in our group, which is briefly described here. More detailed accounts can be found in refs. 15, 41 The model is based on the numerical integration of a set of coupled differential equations accounting for the time evolution of the various chemical species from the discharge ignition to the attainment of the steady state. It uses as input parameters the experimental partial pressures and flows of the precursor gases and also the electronic temperatures, T e , and densities, N e , which are assumed to be homogeneous throughout the plasma (negative glow) volume. It is further assumed that the ion temperature in the glow , T ion , is similar to the gas temperature (T ion ≈ 300 -400 K), analogously to what was found in previous spectroscopic studies of dc hollow cathode discharges. 39, 46 The concentration of the various plasma species is assumed to be controlled by the set of homogeneous and heterogeneous reactions listed in the first column of Tables 1 and 2 . General comments on these processes can be found in our previous work, 15 where basically the same set of reactions was employed (see below). Rate coefficients for collision processes with Maxwellian electrons are listed in the second column of Table 1 with indication of their sources. In general, these values have been derived from cross section data using the expression k=<σ v>, where σ is the cross section for the process of interest and v the relative velocity of the colliding partners.
Arrhenius-like functions or polynomials are used to express the dependence of these rate coefficients on T e . Rate coefficients for ion-molecule reactions, also listed in the first column of Table 1 , have been mostly taken from the compilation of Anicich. 48, 49 However, the production of this ion, usually through dissociative electron attachment to H 2 molecules, requires molecules in highly excited vibrational levels (especially v  4). 50 In our previous study of emission spectroscopy of pure H 2 in conjunction with a collisional radiative model, 41 it was shown that the H 2 vibrational populations in our plasmas are concentrated in the lowest levels and can be roughly The heterogeneous processes considered in the model are reduced to wall recombination of H atoms to form H 2 , and wall neutralization of the various positive ions (see Table 2 ). In analogy with refs. 15, 41 the recombination of hydrogen atoms is accounted for with a single γ coefficient. A more refined treatment of H atom recombination at the wall, including adsorption and reaction steps, was introduced in a previous work by our group 51 to describe H/D isotope exchange at the reactor walls. In the present study, with no isotope exchange and focused on the ionic chemistry in the gas phase, we have kept the simplified original model for the H 2 wall recycling. Atomic hydrogen concentrations are outside the scope of this work and were not measured.
However, for the sake of completeness they have been estimated with the model. The major source of H atoms is the electron impact dissociation of H 2 (reaction 13). This is also the main mechanism for the production of H atoms in the rf plasma models mentioned above. 13, 14, 17 The relative H concentrations, 
Results and discussion

Electron temperatures and densities
The measured electron temperatures and densities are shown in Fig. 1 Similar or somewhat higher electron temperatures are found for inductively coupled discharges at comparable pressures. 13, 14, 17 In those rf plasmas, however, the electron temperature shows a smooth variation over a wide range of mixture proportions, but tends to increase appreciably for the highest H 2 fractions. This tendency is not observed in the Langmuir probe measurements for our hollow cathode discharges, which give similar values for the pure H 2 and pure Ar plasmas within experimental uncertainty. At present we have no explanation for this contrasting behavior.
Ion distributions
The relative ion concentrations determined in the experiments are displayed in ) of electrons with energies higher than 50 eV that would be undetectable by the Langmuir probes.
Key reaction mechanisms
The analysis of the results shows that just two key factors are responsible for the main differences between the distributions of the major plasma ions at the two discharge pressures studied: the electron temperature and the k 18 value, closely related with the degree of vibrational excitation of H 3 + . The effect of T e can be appreciated in Fig 6. For any T e value, the rate for electron impact ionization of Ar (k 14 ) is 6-7 times larger than that for H 2 (k 7 ), consequently, among the primary ions, Ar 
Main formation and loss rates
The calculated steady state rates for the main production and loss mechanisms of the three major ions are represented in figures 7 and 8 for the 1.5 and 8 Pa discharges respectively. Only the results corresponding to the k 18 value that gives a best agreement with the measured data are displayed for each pressure. Fig. 7 shows that in the 1. Fig. 8 shows the important changes in the relative weight of the various production and destruction mechanisms when the discharge pressure is raised to 8 Pa. The ionization rate of Ar shows here a maximum for H 2 fractions lower than 0.2, which corresponds to the small maximum in the electron temperature depicted in Fig. 1 (upper-right panel) . 
Comparison with previous works
As mentioned in the introduction, there are some recent studies 13, 14, 17 on the ion chemistry in Ar/H 2 inductively coupled rf discharges of variable mixture proportions and for pressures similar to those of the present work. Due to the different properties of the discharges, only an approximate comparison of those results with our work is possible, but it could still be meaningful considering that ionic chemistry is determined to a large extent by the electron temperature (which is closely related to the pressure) and by the gas composition. In comparison with the present work, the model of Kimura ). This conclusion is however not warranted. As indicated above, k 21 has been measured by several groups 32, 55, 67 using different methods and consistently high values have been derived. In our lower pressure experiments, carried out for conditions of T e and discharge pressure comparable to those of Sode et al., 17 the simulations using the recommended rate coefficients lead to a reasonably good agreement with the measurements (see the two lower panels of Fig 2) . Moreover, it is worth noting that the agreement between our experimental data and the model simulations of Sode et al. 17 is not too bad.
In the diffuse interstellar cloud model used by Schilke et al., 
Summary and Conclusions
The ion chemistry in cold Ar/H 2 plasmas has been investigated in hollow cathode discharges. The experiments have been carried out for total pressures of 1.5 and (*) a = 7.5110 -9 , b = -1.1210 -9 , c = 1.0310 -10 , d = -4.1510 -12 , e = 5.8610 (see text). 
